The continuous positive airway pressure (CPAP) therapy is the gold standard to treat the obstructive sleep apnoea syndrome. This continuous pressure splints the upper respiratory tracts and prevents a collapse of the pharynx. If not being treated a collapse of the upper respiratory tracts reduces the blood oxygen concentration and increases the 2 concentration leading to repeated sleep disruptions. Many CPAPdevices cannot maintain the reference pressure, which can lead to an uncomfortable perception for the patient. To reduce the pressure deviation in the mask we want to apply the Iterative Learning Control (ILC) method, because the breathing of the patient is a repetitive process -and at night the breathing patterns are even and recurring from breath to breath.
Introduction
The obstructive sleep apnoe syndrome (OSAS) belongs to sleep related breathing disorders and is characterized through a collapse of the upper respiratory tracts. Nightly breathing interruptions decrease the oxygen concentration and increase the 2 concentration in the blood, which lead to repeated sleep disruptions. If the OSAS is not treated the risk of cardiovascular diseases and strokes is extremely elevated. Symptoms of sleep apnoea are fatigue, lack of concentration and high blood pressure. The most comprehensive and most common therapy, known as the gold standard, to treat the OSAS is the continuous positive airway pressure (CPAP) therapy, which splints the upper respiratory tracts and the pharynx. Figure 1 shows the functionality of the CPAP therapy. To ensure a realistic and natural breathing sensation the continuous pressure has to be within certain limits -ideally it is constant. The main component of the CPAP-device is a centrifugal blower. A therapy tube and a breathing mask connect the device to the patient. The mask has a passive expiration valve integrated to simplify the expiration and to releases the consumed air. The breathing of the patient disturbs the pressure in the mask. While inspiration the volume of the lung increases, resulting in a pressure drop. Because of a positive pressure difference between the mask and the lung, air is suckled into the lung. The arising air flow decreases the pressure in the mask, which can significantly drop that a resulting apnoea cannot be prevented. During the expiration the volume decrease and a negative pressure difference between the mask and the lung presses out the consumed air. The increasing pressure in the mask often leads to an unpleasant perception for the patient and the patient is blown up too much. It is thus the objective of this article to decrease the pressure deviation in the mask. This work is about an iterative learning control (ILC) approach for a CPAP-device. The algorithm is tested in MAT-LAB Simulink and then implemented on an existing CPAPdevice. First test were made with the ASL 5000 Breathing Simulator. The ASL 5000 is a professional breathing simulator, which can imitate different breathing scenarios from neonatal to adult. The ability to breath spontaneously and to adjust different settings (e.g. breathing frequency, resistance, compliance, breathing effort) is essential for the development and verification of breathing therapy devices.
Method
Most control strategies including feedback control, adaptive control or robust control are insufficient to fulfill perfect reference tracking in a finite period under repetitive control conditions. Those control methods are characterized by an asymp-totic convergence and they are not able to learn from previous cycles. In industrial processes robots assume repeating tasks such as "pick and place"-problems [1] . Because of a repeating execution duration with always the same execution path, an intelligent control algorithm is needed to reach a certain speed and control accuracy. The iterative learning control (ILC) algorithm uses previous system information to improve the next execution. In the field of rehabilitation and treatment of stroke patients with weak motor skills the idea of ILC is applied. For people suffering from the drop foot syndrome, who cannot lift up their foot, a method, called Functional Electrical Stimulation (FES) is used to recover this movement due to stimulation of the peroneal nerve. For this repeating movement a control scheme inspired by the ILC was developed [2, 3] .
Arimoto presented in 1984 his "Arimoto-type" ILC, where the input variable vector for the next and complete execution cycle was manipulated in that way, that the tracking error converges towards zero over the next execution cycles [4] . (1) pictures this basic idea
where and are vectors of the cycle duration length [0,T] -Γ is a constant learning gain -is the iteration index. There are four advantages that makes the iterative learning control approach an attractive control algorithm for repetitive processes in breathing therapy [5] : 1. Simplicity in structure 2. Ability for perfect reference tracking 3. Model-free 4. Ability for non-causal signals Diverse extensions have been designed to improve the "Arimoto-type" ILC law. The most comprehensive equation used for ILC is:
, and ∈ R × are arrays, which determine the convergence behavior and speed. The matrix can be used as a non-causal filter with a gain ≤ 1, called forgetting factor, to increase the robustness of the system against measurement noise and disturbances [6] . An improvement to ensure the convergence is the observation of the tracking error in sense of
The observation checks, if an actual improvement of the tracking error from iteration − 1 to iteration has occurred.
If this is not the case, the ILC algorithm +1 is not executed and a previous determined "optimal" input variable is used.
Control Approach

Existing Control Strategy
Previous works on a control approach for CPAP-devices showed a cascaded control environment as a possibility to divide the complex breathing therapy system into two main parts -the electro-mechanic part and the pneumatic part [8] . Us- ing a cascaded control environment a separation between the closed-loop pressure control and the rest of the system is available. The rest of the system includes the control of motor current, motor roation speed and system mass flow and is combined in "subordinate motor control loop", as shown in Figure  2 . With the model of the pneumatic part of the breathing therapy system, which has already been derived in [9] , a second order state space controller with pole placement method was developed to control the mask pressure . The output of the state space control is the reference system mass flow˙, which can be generated reliably by the subordinate motor control loop. The physical manipulated variable of the system is the motor voltage of the centrifugal blower.
Application of ILC
Based on the extended "Arimoto-type" ILC law (2) the existing control strategy was extended as shown in Figure 3 . The "ILC" block calculates by means of the reference pressure and the measured mask pressure for the last breathing period an adjusted pressure reference * for the next breathing period in that way, that the tracking error will tends against zero over the next cycles. The state space controller is necessary to transfer the system into a stable state and to apply a positive pressure to the patient even if the ILC is at the beginning of the learning stage. At the start of the ILC the output would be zero and therefore no pressure control would be available. For a first investigation the learning arrays and were chosen to be constant over all sample points. For a zero-phase filter was used to increase the robustness of the system against measurement noise. 
Results
Simulation Results of the ILC in MATLAB
To test the ILC approach and to optimize the control parameters , and the control approach, as shown in Figure  3 , was implemented in MATLAB Simulink. Based on previous works different models for the breathing therapy system, including the motor, the ventilator, the tube system and the patient could be implemented to simulate the breathing therapy process considering the influence of the breathing of the patient. Two parameter settings for the ILC were tested. Parameter set "slow" was and is a non causal lowpass filter with a cutoff frequency of 20 Hz scaled by the factor 1. The breathing of the patient was simulated with a sinusoidal patient flow with a tidal volume of 500 ml and a breathing frequency of 18 breaths per minute (bpm). The control results are shown in Figure 4 . At the start of the therapy the reference pressure is constant at 6 hPa resulting in the shown mask pressure. During the learning stage the ILC increases the pressure reference in the inspiration phase and decreases the pressure reference in the expiration phase to reduce the pressure deviation. The pressure reference and the mask pressure are shown after the learning stage, i.e. where no improvement of the control quality takes place. For the "slow" case the pressure deviation in the mask could be reduced from 1.21 hPa to 0.31 hPa after eight breathing periods. The adjusted pressure reference has nearly no noise. In the "fast" case the pressure deviation in the mask could be reduced from 1.21 hPa to 0.27 hPa after five breathing periods. Because of a faster learning gain and a weaker filter the influence of the ILC to the adjusted reference pressure is higher. The disadvantages is a much higher noise in the pressure reference. In the second test a natural breathing with a frequency of 15 bpm and a tidal volume of 500 ml was simulated. The results, shown in Figure 5 , are exactly the same as for the sinusoidal breathing. The limit for the reduction of the pressure deviation is only the measure- 
Control Results of the ILC with the ASL 5000 Breathing Simulator
In this section some practical control results are shown. The existing control strategy of the available CPAP-device is extended by the ILC. To simulate the breathing of the patient a professional lung simulator, the ASL 5000 Breathing Simulator, is used, which can imitate different adjustable breathing scenarios. The advantage of the ASL 5000 is that the breathing patterns can be adjusted to be constant for each breathing period. The parameters of the state space control have been adjusted for a pressure deviation not greater than 1.3 hPa. The control results for sinusoidal and natural breathing for 2 different parameter settings of the ILC are shown in the following Figures 6 and 7. For the "fast" ILC approach the cutoff frequency of the non causal lowpass filter was set to 10 Hz, because high noise in the pressure reference disturbed the overall control results, which makes a reliable measurement impossible. For the "slow" case with sinusoidal breathing the pressure deviation in the mask could be reduced from 0.92 hPa to 0.34 hPa after 12 breathing periods. The adjusted pressure reference has nearly no noise. With parameter set "fast" you can reach the lowest pressure deviation after six breathing periods. The pressure deviation is at 0.32 hPa. Due to measurement noise the pressure deviation is not constant for further breathing periods and fluctuates from 0.32 hPa up to 0.48 hPa. The high peak in the mask pressure at natural breathing is caused from the transition from the inspiration to the expiration phase. During this transition the patient flow turns from a high falling edge to a high increasing edge resulting in a fast deceleration and fast acceleration of the motor. This is actual a problem of the subordinate motor control loop. Because of this the pressure deviation could be reduced from 1.29 hPa to only 0.83 hPa for the "slow" parameter set and from 1.29 hPa to only 0.93 hPa for the "fast" parameter set. In this case the "slow" parameter set is better and faster. This can be caused from the high pressure peak and the learning gains of the ILC. 
Discussion
This work presented an iterative learning control approach. In a simulation environment with a derived model including the breathing effort the ILC approach could be investigated. The implementation of the ILC algorithm was practiced on an available CPAP-device. The control strategy was tested using the ASL 5000 Breathing Simulator with different breathing pattern. In the test scenarios the pressure deviation could be reduced. For a sinusoidal breathing the pressure deviation was reduced to around 33%. In the case of natural breathing the improvements were small, because of the fast transition from inspiration to expiration. To improve the control strategy the subordinate motor control loop has to be adjusted. Further investigations are necessary to deal with a variable cycle length. A basic idea was shown in [2] , where at the time steps where no new information is available the error was multiplied with zero. Another problem is the assumption of a periodical breathing. Events such as swallowing, cough and breathing interruptions (apnoea) destroy this assumption. Through measurement of different signals (pressure, flow) these artifacts can be recognised by the therapy device and the learning procedure of the ILC could be stopped. For the next "normal" cycle the previous determined "optimal" output can be used.
